tolerance by suppressing immune responses to self-antigens and innocuous environmental antigens 1, 2 . The Forkhead transcription factor Foxp3 is essential for T reg cell differentiation and function 1, 3, 4 . While Foxp3 is not essential for thymic T reg cell development, Foxp3-deficient T reg cells (∆T reg cells) lack regulatory function 3, 4 . The core T reg cell transcriptome and epigenome are largely preserved in ∆T reg cells, although the expression of individual genes is frequently decreased [3] [4] [5] . Nevertheless, ∆T reg cells acquire additional phenotypic and transcriptional attributes akin to those of effector T cells (T eff cells) 3, 4, 6 . These findings led to the concept that Foxp3 stabilizes the transcriptome of T reg cells and prevents their degeneration into T eff cells 7 . T eff cells undergo a profound change in their bioenergetic profile in favor of augmented aerobic glycolysis, oxidative phosphorylation (OXPHOS) and glutaminolysis, as well as the de novo acquisition of biosynthetic pathways such as fatty acid synthesis 8 . T reg cell metabolism is biased towards fatty acid oxidation (FAO) and pyruvate-dependent OXPHOS [9] [10] [11] [12] , whereas glycolysis is kept under strict control. Enforced expression of Foxp3 promotes OXPHOS and suppresses glycolysis 13 . Reciprocally, upregulation of the glucose transporter Glut1 by Toll-like receptor signaling, acting via the mammalian target of rapamycin (mTOR) complex 1 (mTORC1), or by its enforced expression, promoted T reg cell proliferation but dampened Foxp3 expression and T reg cell suppressive function 14 . We reasoned that interventions that deprive the T eff cell-like programs of ∆T reg cells of metabolic support may allow recovery of regulatory function by virtue of the preservation in those cells of a core regulatory transcriptome.
R egulatory T cells (T reg cells) enforce peripheral immunological
tolerance by suppressing immune responses to self-antigens and innocuous environmental antigens 1, 2 . The Forkhead transcription factor Foxp3 is essential for T reg cell differentiation and function 1, 3, 4 . While Foxp3 is not essential for thymic T reg cell development, Foxp3-deficient T reg cells (∆T reg cells) lack regulatory function 3, 4 . The core T reg cell transcriptome and epigenome are largely preserved in ∆T reg cells, although the expression of individual genes is frequently decreased [3] [4] [5] . Nevertheless, ∆T reg cells acquire additional phenotypic and transcriptional attributes akin to those of effector T cells (T eff cells) 3, 4, 6 . These findings led to the concept that Foxp3 stabilizes the transcriptome of T reg cells and prevents their degeneration into T eff cells 7 . T eff cells undergo a profound change in their bioenergetic profile in favor of augmented aerobic glycolysis, oxidative phosphorylation (OXPHOS) and glutaminolysis, as well as the de novo acquisition of biosynthetic pathways such as fatty acid synthesis 8 . T reg cell metabolism is biased towards fatty acid oxidation (FAO) and pyruvate-dependent OXPHOS [9] [10] [11] [12] , whereas glycolysis is kept under strict control. Enforced expression of Foxp3 promotes OXPHOS and suppresses glycolysis 13 . Reciprocally, upregulation of the glucose transporter Glut1 by Toll-like receptor signaling, acting via the mammalian target of rapamycin (mTOR) complex 1 (mTORC1), or by its enforced expression, promoted T reg cell proliferation but dampened Foxp3 expression and T reg cell suppressive function 14 . We reasoned that interventions that deprive the T eff cell-like programs of ∆T reg cells of metabolic support may allow recovery of regulatory function by virtue of the preservation in those cells of a core regulatory transcriptome.
Results
Lineage-specific, Cre-mediated recombination in Foxp3-deficient T reg cells. To enable genetic manipulations in ∆T reg cells, we derived a bicistronic loss-of-function Foxp3 allele, Foxp3 ∆EGFPiCre , that contained a Frt element inserted between exons 9 and 10 that created an aberrant 3′ splice junction site, leading to a premature stop codon in the Foxp3 transcript. A ribosomal entry sequence inserted in the 3′ untranslated region of Foxp3 directed the expression of a humanized Cre recombinase (iCre) fused with the enhanced green fluorescent protein (EGFP) ( Supplementary Fig. 1a-d Fig. 1e ) 3, 4 . 
Functional reprogramming of regulatory T cells in the absence of Foxp3
Articles Nature ImmuNology own gene expression ( Supplementary Fig. 1g ) 4 . EGFP + ∆T reg cells exhibited similar demethylation of the Foxp3 conserved non-coding sequence 2 (CNS2) promoter region as EGFP + control T reg cells from Foxp3 EGFP knockin reporter allele mice, indicating that the ∆T reg cells were epigenetically of T reg cell lineage ( Supplementary Fig. 1h ).
Analysis of Foxp3 ∆EGFPiCre/+ heterozygous females revealed that, similar to the indigenous WT Foxp3 allele, expression of Foxp3 ∆EGFPiCre in thymocytes was overwhelmingly restricted to the CD4 + lineage, starting at the CD4 + single-positive thymocyte stage ( Supplementary Fig. 1i ). However, the ∆T reg cells were dramatically decreased in the periphery compared with WT T reg cells, indicative of their reduced fitness ( Supplementary Fig. 1i ) 3, 4 . Overall, these results established that the Foxp3 ∆EGFPiCre allele was specifically expressed in the T reg cell lineage, and rendered these cells totally deficient in Foxp3 while enabling EGFP and Cre recombinase expression.
Inactivation of mTORC2 in ∆T reg cells ameliorates disease. The mTOR pathways play a key role in promoting T eff cell function 15, 16 . The mTOR kinase exists as part of two complexes-mTORC1 and mTORC2-that differentially contribute to T H cell effector functions, while mTOR-deficient T cells differentiate in vitro into iT reg cells [17] [18] [19] . mTORC1 acts as a finely tuned T reg cell metabolic checkpoint essential for T reg cell homeostasis and function 20 . Activated mTORC1 phosphorylates the downstream substrates S6 and 4EBP, while activated mTORC2 phosphorylates the serine/threonine kinase AKT at serine residue 473 (p S473 AKT) 20, 21 . ∆T reg cells from Foxp3 ∆EGFPiCre hemizygous mutant males, but not from heterozygous Foxp3 ∆EGFPiCre/+ females, had increased phosphorylated S6 (pS6) and 4EBP (p4EBP) at steady state compared with Foxp3-sufficient T reg cells from Foxp3
EGFPCre mice (Fig. 1a,b and Supplementary Fig. 2a,b ). However, both ∆T reg cell populations upregulated their pS6 phosphorylation in response to anti-CD3 monoclonal antibody (mAb) stimulation to the same extent as Foxp3-sufficient T reg cells, indicating that increased basal mTORC1 activity in male ∆T reg cells was cell extrinsic. Induction of p T308 AKT-a target of upstream phosphoinositidedependent kinase 22 -was also increased to a similar extent in T reg and ∆T reg cells of Foxp3
EGFPCre and Foxp3 ∆EGFPiCre mice, respectively, on anti-CD3 mAb stimulation ( Supplementary Fig. 2a,b) . p S473 AKT was selectively increased in ∆T reg cells of both hemizygous males and heterozygous females following anti-CD3 mAb stimulation, indicating that Foxp3 deficiency dysregulated mTORC2 activation in a cell-intrinsic manner irrespective of the inflammatory environment (Fig. 1a,b) . The increased mTORC2 activity in ∆T reg cells was associated with decreased protein expression of phosphatidylinositol-3,4,5-trisphosphate 3-phosphatase phosphatase and tensin homolog (PTEN) and PH-domain leucinerich-repeat protein phosphatase 1 (PHLPP1)-two phosphatases implicated in mTORC2 regulation 23, 24 ( Supplementary Fig. 2c ). We also evaluated proximal T cell receptor signaling in ∆T reg cells of Foxp3 ∆EGFPiCre mice by measuring zeta-chain-associated protein kinase 70 (ZAP70) phosphorylation at the tyrosine 319 residue on anti-CD3 mAb stimulation-an event critical to downstream calcium mobilization, Ras activation and NFAT-dependent transcription 25 . ∆T reg cells exhibited attenuated ZAP70 phosphorylation in response to anti-CD3 mAb stimulation compared with Foxp3-sufficient T reg cells ( Supplementary Fig. 2d ). These results suggested that the enhanced mTORC2 activation in ∆T reg cells of Foxp3 ∆EGFPiCre mice reflected impaired regulation by phosphatases.
Male mice hemizygous for the Foxp3 ∆EGFPiCre allele were runted and died early due to autoimmune lymphoproliferation, similar to another Foxp3-deficient mouse strain, Foxp3 K276X , that we previously generated 26 ( Fig. 1c-f) . We examined the role of dysregulated mTOR signaling in ∆T reg cells of Foxp3 ∆EGFPiCre mice in their disease by cellspecific deletion of Rptor and Rictor, encoding the mTORC1 and mTORC2 regulators raptor and rictor, respectively. Fig. 2g ). ∆T reg cell-specific Rictor deletion markedly increased the body weight and survival of Foxp3 ∆EGFPiCre mice in a gene dose-dependent manner, whereas Rptor deletion did not (Fig. 1c,d) 
Rptor
∆/∆ mice (Fig. 1c,d ). Foxp3 ∆EGFPiCre Rictor ∆/∆ mice had decreased tissue inflammation compared with Foxp3 ∆EGFPiCre mice but persistent lymphoproliferation (Fig. 1e-g ).
The Fig. 2h ). The phenotype of EGFP + ∆T reg cells of Foxp3 ΔEGFPiCre mice closely resembled that of ∆T reg cells analyzed in earlier models 3, 4 . In addition to absent Foxp3 expression, ∆T reg cells had lower expression of CD25 and CD73, and higher expression of the inducible T cell costimulator (ICOS), Helios, glucocorticoid-induced tumor necrosis factor receptor (GITR), CD127, interleukin 2 (IL-2) and granzyme B, compared with WT T reg cells ( Supplementary Fig. 2i Fig. 2i,j) . These results indicated that mTORC2 was specifically dysregulated in ∆T reg cells in a cell-intrinsic manner, and promoted disease in Foxp3-deficient mice.
Rictor deficiency restores ∆T reg cell suppressor function. Analysis of Foxp3 ∆EGFPiCre

Rictor
∆/∆ mice revealed that the frequencies of CD4 and CD8 effector memory cells were decreased by about 50% compared with Foxp3 ∆EGFPiCre mice, whereas those of naive and central memory T cells were increased (Fig. 2a,b and Supplementary  Fig. 3a,b ). Expression of the T H 1-associated transcription factor T-bet and interferon-γ (IFN-γ) was markedly increased in ∆T reg and T eff cells of Foxp3 ∆EGFPiCre compared with control Foxp3 EGFPCre mice, but was downregulated by rictor deficiency (Foxp3
In contrast, expression of the T H 2-associated transcription factor Gata-3 and IL-4, which was also increased in Foxp3 ∆EGFPiCre ∆T reg and T eff cells, was further upregulated in ∆T reg cells by Rictor deficiency, thus confirming a critical role for mTORC2 in T H 1 but not T H 2 programming of ∆T reg cells (Fig. 2a,b and Supplementary  Fig. 3a,b) . In contrast, expression of retinoic acid receptor-related orphan nuclear receptor-γ (ROR-γt) and IL-17 was unchanged ( Supplementary Fig. 3a,b) .
Next, we analyzed the impact of mTOR inhibition on T reg , ∆T reg and T eff cells in vitro suppressive capacities. Pretreatment of T eff cells with the mTOR inhibitor rapamycin did not confer them suppressive capacity. Foxp3 ∆EGFPiCre ∆T reg cells had a small but detectable suppressive activity compared with T eff cells, which was augmented by rapamycin pretreatment. Rapamycin pretreatment also enhanced the suppressive function of WT T reg from Foxp3
EGFPCre (Fig. 2c) . The positive impact of rapamycin on ∆T reg cell suppressive capacity mapped to mTORC2. Rictor deletion substantially upregulated ∆T reg cell-mediated suppression (Fig. 2c )-an effect that was not related to decreased ∆T reg cell proliferation, as evidenced by Ki-67 staining ( Supplementary Fig. 3a,b) . Furthermore, rictor but not raptor deficiency abrogated the enhanced ∆T reg cell suppressive activity mediated by rapamycin, indicating that rapamycin promoted ∆T reg cell suppression by inhibiting mTORC2 (Fig. 2d,e) .
We further compared the suppressive capacity of CD4 ) resulted in a small but significant improvement in their suppressive capacity (Fig. 2f) , consistent with the results of treating WT T reg cells with rapamycin (Fig. 2c) .
The significance of improved WT T reg cell function on rictor deficiency was evaluated in vivo using the lymphopenia colitis model 27 .
Foxp3
YFPCre Rictor ∆/∆ T reg cells proved superior in their capacity to control the intestinal inflammation in Rag1-deficient mice reconstituted with naive CD4 + CD45RB high T eff cells. Under limiting T reg cell availability (1:10 T reg :T eff cell ratio), the Foxp3
YFPCre Rictor ∆/∆ T reg cells prevented weight loss, improved intestinal inflammation and inflammation-induced colon shortening, and suppressed infiltration of the intestines by T eff cells, including IFN-γ + , IL-17 + and IFN-γ +
IL-17
+ cells ( Supplementary Fig. 4a-g ). Supplementary Fig. 3a,b) , indicating that mTORC2 destabilized ∆T reg cells, possibly by affecting their epigenetic demethylation 28 .
We employed heterozygous Foxp3
∆EGFPiCre/+ female mice, which are phenotypically normal, to examine the impact of rictor deficiency on ∆T reg cells in the absence of systemic inflammation. ∆T reg cells isolated from Foxp3 ∆EGFPiCre/+ females had more suppressive activity at high ∆T reg /T eff cell ratios than those of Foxp3 ∆EGFPiCre males, indicative of a detrimental role for inflammation in the loss of ∆T reg suppressive function (Fig. 3a) . To assess T reg cell fitness, we examined the frequencies of WT and ∆T reg cells in Foxp3 ∆EGFPiCre/+ R26 
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R26
YFP heterozygous females minimally expressed T-bet/IFN-γ and Gata-3/ IL-4 compared with ∆T reg cells of hemizygous males (Fig. 3d,e) . These results indicate that the acquisition by ∆T reg cells of T H cell-like phenotypes was augmented by the intense inflammatory T supp /T resp ratio P < 0.0001 ) that also directed the expression of the red fluorescent protein (RFP), thus allowing for color sorting of the respective populations 29 . We extended these studies to examine the transcriptome of ∆T reg cells of Foxp3
Rictor
∆/∆ females to identify transcriptional pathways altered by Rictor. The results revealed global changes in the transcriptional landscape induced by Foxp3 deficiency. Concurrent rictor deficiency normalized some of these changes, while also inducing de novo Foxp3-independent transcriptional alterations of its own ( 
R26
YFP female mice (n = 4 per group). ND, not determined. The results represent one of two independent experiments. Statistical significance was determined by two-way ANOVA with Tukey's multiple comparisons in a and f, unpaired t-test in c, and one-way ANOVA with Tukey's multiple comparisons in e (P values as indicated).
Relevant to the mTOR pathway, ∆T reg cells had increased expression of Prr5l, encoding an mTORC2 regulator that directs its substrate specificity 30 , and decreased expression of Phlpp1, encoding the phosphatase PHLPP1 (ref. 23 ). Concurrent rictor deficiency upregulated a subset of the core T reg transcriptome genes, including Fgl2, Il10, Lag3, Tnfrsf18 (Gitr), Ebi3, Nrp1, Il2ra, Ctla4 and Nt5e. It also downregulated the expression of genes associated with the T H 17 (Rorc and Tgfb3) and T follicular helper cell lineages (Cxcr5 and Bcl6), while upregulating the Bcl6 antagonist Prdm1 (Fig. 4c,d and Supplementary Dataset 2). These results suggested that rictor deficiency altered the ∆T reg cell transcriptome in favor of improved regulatory function.
Of particular interest was the role of increased IL-10 and Blimp1 expression in rictor-deficient ∆T reg cells (Fig. 4e) . Blimp1 binds to the regulatory CNS9 element located 9 kb proximal to the Il10 gene (Il10 CNS9) to promote Il10 transcription 31 . Chromatin immunoprecipitation (ChIP) studies showed increased binding of Blimp1 to the Il10 CNS9 element of rictor-deficient ∆T reg cells (Fig. 4f) . IL-10 neutralization largely abrogated the improved in vitro suppressive capacity of rictor-deficient ∆T reg cells, indicating a mechanistic role for this pathway in their augmented regulator function (Fig. 4g ).
mTORC2 signaling in ∆T reg cells activates the AKT-Foxo1 axis.
We examined mTORC2 activity, as monitored by p S473 AKT staining, 
Foxp3
EGFPCre
ΔEGFPiCre
ΔEGFPiCre P < 0.0001 (Fig. 5a,b) . AKT phosphorylates the transcription factor Foxo1, resulting in its retention in the cytosol and its ubiquitination and degradation 32 . Foxo1, in turn, negatively regulates T H 1 differentiation of T reg cells by suppressing the transcription of Ifng and other T H 1 genes 33, 34 . (Fig. 5c,d) . Also, Rictor deletion increased Foxo1 binding at the Ifng and Tbx21 promoters (Fig. 4h) .
We examined the consequences of deleting a floxed 
Foxo1
∆/∆ mice in terms of growth and survival, dysregulated T eff cells and IFN-γ expression in both ∆T reg and T eff cells, whereas the IL-4 response was unaffected (Fig. 5e,f and Supplementary Fig. 5a-e) . Fig. 5f ). Reciprocally, the ∆T reg cell-specific expression of Cre-regulated AKT-insensitive Foxo1 transgene (R26
Foxo1AAA
) partially recapitulated the effects of rictor deficiency in improving weight gain, prolonging survival and augmenting ∆T reg cell suppressive capacity ( Supplementary Fig. 5a-d) 
33
. It also downregulated T eff cell activation and the T H 1 programming of ∆T reg cells (Fig. 5e,f and Supplementary Fig. 5e,g ). These results indicated that the effects of rictor deletion in promoting ∆T reg cell function largely proceeded by Foxo1-dependent mechanisms.
Rictor deficiency resets the metabolism of ∆T reg cells.
Dysregulation of the mTORC2-Foxo1 axis upregulates glycolysis and OXPHOS 35, 36 . T reg cells and naive T cells exhibit low levels of glycolysis in favor of increased OXPHOS, whereas T eff cells manifest increased aerobic glycolysis, products of which feed into DNA and protein synthesis 37 .
T eff cells
F o x p 3 E G F P C r e F o x p 3 Δ E G F P iC r e R i c t o r
Δ /Δ US DAPI Foxo1 F o x p 3 Δ E G F P iC r eP = 0
Foxp3
∆EGFPiCre ∆T reg cells had increased expression of several enzymes in the glycolytic and pentose phosphate shunt pathways, several of which were reset back to baseline on concurrent rictor deficiency (for example, Gpi, Aldoa, Eno1, Pkm2 and the pentose phosphate shunt enzymes) (Supplementary Fig. 6a ). Some glycolytic enzymes were downregulated by rictor deficiency but remained increased above their levels in WT T reg cells (for example, Hk2 and Gapdh), while others such as Tpi and the glycolytic regulator Pfkfb3, which were upregulated in Foxp3-deficient T reg cells, were either unaffected or further upregulated by rictor deficiency.
Unlike WT T reg cells, Foxp3 ∆EGFPiCre ∆T reg cells stimulated with anti-CD3 mAb and IL-2 exhibited exaggerated lactate production similar to activated T eff cells, which was markedly reduced in Foxp3
∆EGFPiCre Rictor ∆/∆ ∆T reg cells (Supplementary Fig. 6b ). 
Rictor
∆/∆ ∆T reg had an intermediate phenotype (Fig. 6a,b) . All three T reg cell populations exhibited a modest drop in ECAR on oligomycin supplementation, indicating that glycolysis had peaked following glucose addition 38 . OXPHOS, as assessed by the oxygen consumption rate (OCR), was also markedly increased in Foxp3 ∆EGFPiCre ∆T reg cells. Basal respiration, ATP-coupled respiration and respiratory reserve were all increased in Foxp3 ∆EGFPiCre ∆T reg compared with control T reg cells, whereas Foxp3
∆EGFPiCre Rictor ∆/∆ ∆T reg cells had an intermediate phenotype (Fig. 6a,b) . The contributions of inputs from glycolysis, glutaminolysis and FAO to the OCR were measured on the sequential addition of specific metabolic inhibitors: UK5099 for glycolysis; etomoxir for FAO and BTPES for glutaminolysis (Fig. 6c) . Whereas the OCR in WT T reg cells is fatty acid dependent, it becomes glucose dependent, and to a lesser extent glutamate dependent, in Foxp3 ∆EGFPiCre ∆T reg cells, pointing to a shift from FAO to aerobic glycolysis and, secondarily,
The ECAR and OCR of ∆T reg cells of Foxp3 ∆EGFPiCre/+ females were also highly increased, indicative of cell-intrinsic metabolic changes ( Supplementary Fig. 6c,d ). Rictor deficiency completely reversed the increase in ECAR in ∆T reg cells of Foxp3 ∆EGFPiCre/+ females, but only partially reversed the increase in OCR, indicating that additional pathways contributed to OCR dysregulation ( Supplementary  Fig. 6c,d) . 
R26
YFP mice treated with PBS (n = 6) or 2DG (n = 7). The results are expressed as scatter plots and means, and represent a pool of two independent experiments. Statistical significance was determined by two-way ANOVA with Sidak's multiple comparisons in a and d, one-way ANOVA with Tukey's multiple comparisons in b, two-way ANOVA with Tukey's multiple comparisons in c and e, and unpaired t-test in g and h (P values as indicated).
These results established that Foxp3
∆EGFPiCre ∆T reg cells exhibited robust mTORC2-dependent aerobic glycolysis and OXPHOS.
Metabolic blockade inhibits the T eff cell-like phenotype of ∆T reg cells. The role of dysregulated glycolysis in ∆T reg cell dysfunction was probed by cell-specific deletion of Pfkfb3, encoding 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 3. This enzyme synthesizes fructose-2,6-bisphosphate-an allosteric activator of phosphofructokinase-1 and a powerful stimulator of glycolysis 41 .
) normalized their ECAR, while minimally impacting the OCR (Fig. 7a) . (Fig. 7b) . ∆T reg cell-specific PFKFB3 deficiency suppressed glutaminolysis (Fig. 6c) . Rictor deficiency reduced the OCR and decreased aerobic glycolysis (Fig. 6c) . Transcripts of key factors associated with aerobic glycolysis, including Myc and Hif1a 12, 39 , were markedly increased in Foxp3 ∆EGFPiCre ∆T reg cells, and partially corrected in Foxp3
∆EGFPiCre Rictor ∆/∆ ∆T reg cells (Supplementary Fig. 6e ). Fig. 6d and Supplementary Fig. 6f ). Foxp3 ∆EGFPiCre ∆T reg cells were deficient in carnitine (which is necessary for the transport of fatty acids to the mitochondria for beta oxidation), and this was not corrected by rictor deficiency (Fig. 6d and Supplementary Fig. 6f ) 40 . E1  E3  E4  E5  E9  E11  E2  E6  E7  E8  E10  E12   Repressor  ZF  LZ  FKH pathways to restore T reg cell function in IPEX, as well as augmenting Foxp3-sufficient T reg cell function in immune dysregulatory diseases.
Discussion
We demonstrate that the skewing of T reg cells towards a T eff cell-like phenotype on Foxp3 deficiency is critically dependent on a limited set of molecular pathways, including mTORC2 and glycolysis. Furthermore, inhibition of these pathways specifically in Foxp3-deficient T reg cells partially restored regulatory function and attenuated disease. Targeting the same pathways may also improve the stability and function of Foxp3-sufficient T reg cells in inflammatory and autoimmune diseases.
Our studies implicated impaired regulation by phosphatases, including PTEN and PHLPP1, in mTORC2 dysregulation in ∆T reg cells. Pten deletion dysregulates mTORC2 and results in the loss of T reg cell regulatory function 38 . PTEN and AKT phosphatase PHLPP1 were markedly decreased in ∆T reg cells, while transcripts encoding both rictor and the rictor-associated protein PRR5L, which regulates mTORC2 activity in a substrate-specific manner 30 , were increased. Collectively, these abnormalities may favor heightened mTORC2 activity.
The mechanisms by which mTORC2 dysregulation impairs ∆T reg cell regulatory functions included disruption of Blimp1 and Foxo1-dependent induction of IL-10 (refs. 31, 48 ). The salutary effects of rictor deficiency on ∆T reg cells were reversed by Foxo1 deficiency. Reciprocally, the expression of a Foxo1 gain-of-function mutant transgene recapitulated the effects of rictor deficiency, rendering ∆T reg cells less T H 1 cell like, consistent with the role of Foxo1 in suppressing T reg cells' T H 1 reprogramming 33 . The relationship of the metabolic resetting induced by rictor deletion with enhanced ∆T reg cell function was further established using pharmacological and genetic approaches, including inhibition of aerobic glycolysis with 2DG and ∆T reg cell-specific deletion of Pfkfb3. Rictor deficiency did not attenuate the T H 2 program in ∆T reg cells and, in fact, exacerbated it-an effect not observed on glycolytic pathway inhibition with 2DG treatment or Pfkfb3 deletion. These results suggest that the T H 2 cell program in ∆T reg cells is regulated by mTORC2 by distinct mechanism(s).
Unlike ∆T reg cells of Foxp3 ∆EGFPiCre hemizygous male mice, those of Foxp3 ∆EGFPiCre/+ heterozygous females manifested residual suppressive activity and did not express T H cell cytokines, indicating that the intense inflammatory environment of mutant male mice further contributed to the T eff cell-like phenotype of ∆T reg cells. These findings suggested that suppression of systemic immune activation may act in an adjunct manner with mTORC2 inhibition to further antagonize the T eff cell-like phenotype of ∆T reg cells and to promote their regulatory function.
IPEX-causing FOXP3 mutations may completely inactivate FOXP3 or more selectively impair its functions 45 . Studies on mice harboring IPEX-causing FOXP3 mutations, including I363V, A384T and R397W, have identified divergent mechanisms by which these mutations impair Foxp3 function 49, 50 . Common to these mutations is the acquisition by the T reg cells of T eff cell-like attributes, with the impaired regulatory function 49 . IPEX T reg cells also responded favorably to mTOR inhibitors, with decreased cytokine expression and improved suppression, indicating that targeting mTORC2 is a viable therapeutic strategy in this disorder. More broadly, our studies open up the possibility of combinatorial interventions that target distinct metabolic pathways in T reg cells to restore immune tolerance in a variety of immune dysregulatory diseases.
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Any methods, additional references, Nature Research reporting summaries, source data, statements of code and data availability and associated accession codes are available at https://doi.org/10.1038/ s41590-019-0442-x. IFN-γ production by ∆T reg and T eff cells, whereas IL-4 production was not affected. Concurrent deletion of Pfkfb3 and Rictor were not additive, indicating that effects of PFKFB3 deficiency on glycolysis were subsumed under mTORC2 deficiency (Fig. 7b) . PFKFB3 deficiency marginally improved in vitro ∆T reg cells' suppression of T eff cell proliferation (Fig. 7c) , Thus, the inhibition of dysregulated glycolysis by Rictor or Pfkfb3 deletion restored ∆T reg cells' regulation of T H 1 cell responses.
We further investigated the dysregulated metabolism of ∆T reg cells using 2-deoxyglucose (2DG)-a competitive inhibitor of glycolysis. While Pfkfb3 deletion attenuated the ECAR in ∆T reg cells, 2DG more profoundly suppressed it (Fig. 6a) . 2DG strongly inhibited the production by Foxp3 ∆EGFPiCre and Foxp3 ∆EGFPiCre Rictor ∆/∆ ∆T reg cells of both IFN-γ and IL-4 (Fig. 7d) , and at high concentrations partially restored Foxp3 ∆EGFPiCre ∆T reg cell suppression, suggesting a role for aerobic glycolysis-dependent T H cytokine production in poor ∆T reg cell suppression (Fig. 7e) .
In vivo, the treatment of Foxp3 ∆EGFiCre R26 YFP mice with 2DG resulted in decreased tissue inflammation (Fig. 7f-h) 
Rictor
∆/∆ mice also reduced the memory frequencies and cytokine production by CD4
+ and CD8 + T cells ( Supplementary Fig. 7 ). mTOR inhibition upregulates human mutant FOXP3 T reg cell suppressive function. FOXP3 deficiency causes the human autoimmune lymphoproliferative disease 'immune dysregulation, polyendocrinopathy, enteropathy, X-linked' (IPEX) 42 . Similar to ∆T reg cells, IPEX T reg cells are present in the periphery but are deficient in suppressive functions 43, 44 . We analyzed T reg cells of five IPEX patients with different FOXP3 mutations, including amino-terminal (C169Y), linker region (R309N) and forkhead domain (A384T and N388S) missense mutations and an inactivating mutation in the 3′ polyadenylation signal (Fig. 8a) . C169Y, R309N and N388S are novel mutations, while A384T and the 3′ polyadenylation signal mutation have been reported 45 . All five IPEX patients exhibited detectable but lower expression of FOXP3 in their mutant T reg cells, defined as CD4 + CD25 + CD127 lo (refs. 46, 47 ), compared with control subject T reg cells (Supplementary Fig. 8 ). There was a similar increase in pS6 phosphorylation in control and IPEX T reg cells in response to cell activation, which was abrogated by treatment with the dual mTOR inhibitor KU 0063794 (Fig. 8b) . In contrast, increased p S473 AKT phosphorylation was exclusively observed in stimulated IPEX T reg cells, which was also abrogated by the inhibitor (Fig. 8c) . Thus, mTORC2 activity was also dysregulated in IPEX T reg cells.
Examination of metabolic activities revealed that IPEX T reg cells exhibited increased ECAR in response to d-glucose, indicative of heightened glycolytic function, while showing equivalent glycolytic reserves following oligomycin addition (Fig. 8d) . Both glycolytic components were inhibited by the treatment of T reg cells with the dual mTOR inhibitor. IPEX T reg cells also exhibited exaggerated OCR responses, which were also inhibited by treatment with the dual mTOR inhibitor (Fig. 8e) .
While control T reg cells effectively suppressed T eff cell proliferation, IPEX T reg cells did not (Fig. 8f,g ). Pretreatment of IPEX T reg cells with the dual mTOR inhibitor uniformly improved their suppressor function irrespective of the underlying mutation involved (Fig. 8f,g ). mTOR inhibition also upregulated the suppressive function of T reg cells of healthy subjects (Fig. 8g) , similar to Foxp3-sufficient but rictor-deficient mouse T reg cells (Fig. 2f and Supplementary Fig. 4 ). IPEX T reg cells expressed both IFN-γ and IL-4, indicative of their T eff celllike phenotype. mTOR inhibition suppressed the T H 1 but not the T H 2 response, reflecting the role of mTORC2 in driving the T H 1 response in ∆T reg cells (Fig. 8h) . These results support the targeting of mTOR cells were stimulated for 30 min with soluble anti-CD3 mAb (1 µg ml −1 ), then fixed with PBS/2% paraformaldehyde for 20 min, permeabilized in 90% methanol for 30 min on ice and stained for CD4, p S473 AKT and p T308 AKT or CD4, pS6 and p4EBP in PBS. For ex vivo T reg cell stimulation, isolated T reg cells were cultured for 2 d with plate-bound anti-CD3 (1 µg ml
) and IL-2 (100 U ml −1 ) in presence or absence of 2DG (Sigma-Aldrich; 2 mg ml −1 ) and PMA/ionomycin/brefeldin A the last 4 h before staining for IFN-γ and IL-4. All flow cytometry acquisitions were performed on a BD Fortessa cytometer using DIVA software (BD Biosystems) and analyzed using FlowJo Version 10 (Tree Star). All mouse and human antibodies used are listed in Supplementary Tables 2 and 3 males by intraperitoneal injection of 5 × 10 5 CD45.1 naive ± 5 × 10 4 T reg cells. Mice were weighed and monitored for signs of disease twice weekly. The large intestines were dissected from the mice, and the fecal contents were flushed out using PBS containing 2% FCS. The intestines were cut into 1-cm pieces and treated with PBS containing 2% FCS, 1.5 mM dithiothreitol and 10 mM EDTA at 37 °C for 30 min with constant stirring to remove mucous and epithelial cells. The tissues were then minced and the cells were dissociated in RPMI medium containing collagenase (2 mg ml −1 collagenase II; Worthington), DNase I (100 μg ml
; Sigma-Aldrich), 5 mM MgCl 2 , 5 mM CaCl 2 , 5 mM HEPES and 10% fetal bovine serum, with constant stirring at 37 °C for 45 min. Leukocytes were collected at the interface of a 40%/70% Percoll gradient (GE Healthcare). The cells were washed with PBS containing 2% FCS and used for the experiments.
Immunoblotting. Cell extracts were prepared using RIPA buffer (50 mM Tris-HCl (pH 7.4), 150 mM NaCl, 1 mM EDTA and 1% Triton X-100) supplemented with a complete protease inhibitor cocktail (Roche) and a Phos STOP phosphatase inhibitor cocktail (Roche). The lysates were mixed with 4× loading buffer (Bio-Rad) and denatured by heating for 5 min at 100 °C. Samples were subjected to sodium dodecyl sulfate polyacrylamide gel electrophoresis. The resolved proteins were then electrically transferred to a PVDF membrane (Millipore). Immunoblotting was probed with the indicated antibodies followed by anti-rabbit IgG, HRP-linked antibody. The protein bands were visualized using a SuperSignal West Pico chemiluminescence ECL kit (Pierce). Signal intensities of immunoblot bands were quantified using Image J software. For p Y319 -ZAP70 and ZAP70 immunoblotting, cell-sorted T reg cells were stimulated with plate-bound anti-CD3 (145-2C11; 1 µg ml −1 ) for 0, 2, 5 or 10 min before protein extraction. A list of all of the antibodies used for immunoblotting is reported in Supplementary Table 4 . ) cells were isolated from the blood after peripheral blood mononuclear cell enrichment by Ficoll-Paque (Sigma-Aldrich) density gradient centrifugation, and treated with the competitive dual mTOR inhibitor KU 0063794 (Tocris) at 8 µg ml −1 or with vehicle (DMSO) in the presence of T cell activation and expansion beads (Miltenyi) and 100 U ml −1 of recombinant human IL-2 (PeproTech). Cells were washed and seeded in a Seahorse 8-well plate at 10 5 cells well −1 . ECAR and OCR were measured for both mouse and human T reg cells using an XFp Extracellular Flux Analyzer respectively under glycolysis, mitochondrial stress and mitochondrial fuel test conditions (Seahorse Bioscience/ Agilent). For the glycolysis stress test, the assay buffer was made of non-buffered DMEM medium supplemented with 2 mM glutamine, and d-glucose, oligomycin and 2DG were sequentially injected at final concentrations of 10 mM, 1 µM and 50 mM, respectively. For the mitochondrial stress test, the assay buffer was
Methods
Human subjects. Male subjects with IPEX-causing FOXP3 mutations and healthy controls were recruited under protocols approved by the local institutional review boards at the respective referring centers. Patients P1, P2, P3 and P4 harbored a missense mutation at c.505G > A (p.C169Y), c.926G > A (p.R309N), c.1150G > A (p.A384T) and c.1163A > G (p.N388S), respectively (reference sequence: NM_014009.3). Patient P5 suffered from a previously described inactivating mutation in the FOXP3 3′ polyadenylation signal 51 .
Generation of Foxp3
∆EGFPiCre mice. Foxp3 genomic DNA was isolated from a bacterial artificial chromosome clone (Genome Systems) and subcloned into the plasmid vector pKO (Lexicon). A DNA cassette encoding for an improved Cre recombinase (iCre) was isolated from the paavCAG-iCre plasmid (Addgene) and inserted at the BSGRI site of a pIRES2-EGFP (Addgene) vector containing a DNA cassette composed of an internal ribosomal entry sequence (IRES) linked to downstream EGFP and SV40 poly-A sequences. The IRES-EGFP-iCre sequence was inserted by blunt-end ligation at the Sphaerotilus species I (SSpI) restriction site immediately downstream of the Foxp3 translational stop codon and upstream of the endogenous polyadenylation signal. A PGK-neo cassette was also inserted at the EcoRI site in intron 9 of Foxp3 in the opposite orientation of Foxp3 and was flanked by two Flippase-recognition target (FRT) sites to allow excision by Flippase (FLP)-mediated recombination. The targeting construct also included a diphtheria toxin gene (DT) for negative selection against randomly inserted targeting constructs.
Targeting plasmids were introduced by electroporation into SCC10 embryonic stem cells and subjected to G418 selection. Resistant clones were screened by Southern blot. Successfully targeted clones were injected into C57BL/6 blastocysts, and chimeric males were mated with WT C57/BL6/J females to derive N 1 females that had transmitted the bicistronic allele together with the PGK-neo cassette insert (Foxp3 EGFPiCre-neo ) in the germline. The PGK-neo cassette was removed by mating founder males with Flp-deleter female mice that harbored a constitutive, ubiquitously expressed FLP recombinase allele 52 . Male offspring hemizygous for the Foxp3 ∆EGFPiCre allele (minus the PGK-neo cassette) presented with the scurfy phenotype. The PCR products of exons 9 and 10 obtained using complementary and genomic DNA were amplified by the following primer sequences: Foxp3 exon 9 forward: 5′-CTTCCACAACATGGACTACTTCAA-3′; and Foxp3 exon 10 reverse: 5′-AAGTAGGCGAACATGCGAGT-3′. The PCR product obtained from genomic DNA was purified and sequenced by Sanger sequencing using the Foxp3 exon 9 forward primer.
Mice. Foxp3
EGFPCre , Foxp3
YFPCre , CD4 Foxo1AAA and Pfkfb3 fl/fl mice were generated as described 33, 41 . Foxp3 Table 1 . Except where specified, 25-to 28-day-old mice were used in this study. The mice were housed under specific pathogen-free conditions and used according to the guidelines of the institutional animal research committees at the Boston Children's Hospital.
Real-time PCR. Total RNA was isolated from sorted cells with an RNeasy kit (Qiagen). Reverse transcription was performed with the SuperScript II RT-PCR system (Invitrogen), and quantitative real-time reverse transcription PCR was performed with a TaqMan Fast Universal PCR master mix, internal housekeeping gene mouse (Actin VIC-MGB dye) and specific target gene primers (FAM dye) (Applied Biosystems) on a StepOnePlus machine. Relative expression was normalized to actin for genes encoding for the enzymes of the glycolysis cascade (Scl2a3, Hk1, Hk2 Flow cytometry. Viability dye and antibodies against mouse CD4, CD8, CD16/ CD32, CD90.2, CTLA4, ICOS, CD73 and Blimp1 (BioLegend), CD25, CD44, CD45.1, CD45.2, CD62L, Foxp3, T-Bet, Gata-3, Helios, IFN-γ, IL-4, IL-17A, IL-2, IL-10, OX40, Nrp1, GITR, pS6 and p4EBP (eBioscience), ROR-γt and p T308 AKT (BD Biosciences), and p S473 AKT (Cell Signaling) were used. Cell suspensions were incubated for 10 min with CD16/CD32 then stained for surface markers and viability dye for 20 min on phosphate-buffered saline (PBS)/0.5% fetal calf serum (FCS_. Foxp3, Helios, T-Bet, Gata-3, ROR-γt and CTLA4 staining was performed overnight using the BD Cytofix/Cytoperm kit. For cytokine detection, cell suspensions were pre-incubated with 50 ng ml −1 phorbol myristate acetate (PMA), 500 ng ml −1 ionomycin and 10 µg ml −1 brefeldin A for 4 h in complete medium. Following CD16/32 blocking with specific mAbs, the cells were surface stained for the indicated markers then permeabilized and stained intracellularly overnight with mAbs against IL-2, IL-4, IL-10, IFN-γ or IL-17 using the BD Cytofix/Cytoperm kit. For p S473 AKT, p T308 AKT, pS6 and p4EBP staining, spleen and OCR (for the mitochondrial stress and mitochondrial fuel tests) values were averaged between technical replicates for these first three successive time intervals. For lactate production by enzyme-linked immunosorbent assay, 10 5 
R26
YFP mice (n = 4 per group). Cells were collected directly into TRIzol (Invitrogen). Total RNA was extracted and converted into doublestranded DNA (dsDNA) using a SMART-Seq v4 Ultra Low Input RNA Kit (Clontech). dsDNA was then fragmented to 200-to 300-base pair-sized fragments, using an M220 Focused-ultrasonicator (Covaris), and these were used for the construction of libraries for Illumina sequencing, using a KAPA HyperPrep Kit (Kapa Biosystems). Libraries were then quantified using a Qubit dsDNA HS (high-sensitivity) Assay Kit on an Agilent High Sensitivity DNA Bioanalyzer. RNA sequencing data were demultiplexed using perfect matches to indices, and were quality inspected using FastQC. The sequencing data were aligned to the mm10 build (GENCODE annotation) of the mouse genome using STAR62, and counts were quantified using HTSeq63. Raw counts were filtered for non-mitochondrial protein-coding genes with at least three counts in one sample, and were normalized using the DESeq2 package in R64. Pairwise comparisons of differential gene expression were computed using DESeq2.
Histology. Large intestine, lung, liver and ear sections were stained with hematoxylin and eosin. Histopathological scoring of tissue was done by a blinded observer, and the final scores reflected averages of scores from five different ×200 fields per tissue per mouse. Large intestinal sections were scored as follows 53 : (0) no inflammation; (1) mild, scattered infiltrates; (2) moderate infiltrates without the loss of epithelium integrity; (3) moderate and diffuse or severe inflammation; and (4) severe inflammation associated with loss of the epithelial barrier integrity. Lung inflammation was scored separately for cellular infiltration around blood vessels and airways, as follows: (0) no infiltrates; (1) few inflammatory cells; (2) a ring of inflammatory cells one cell layer deep; (3) a ring of inflammatory cells two to four cells deep; and (4) a ring of inflammatory cells more than four cells deep. A composite score was determined by adding the inflammatory scores for both vessels and airways. Liver inflammation was scored at portal areas, as follows: (0) no inflammatory cells; (1) mild, scattered infiltrates; (2) moderate infiltrates occupying <50% of the portal areas; (3) extensive infiltrates in the portal areas; and (4) severe, with infiltrates completely packing the portal area and spilling over into the parenchyma. Ear inflammation was scored as follows: (0) no inflammation and no infiltration; (1) mild inflammation associated infiltration of a few cells; (2) moderately severe inflammation associated with mild infiltration; (3) severe inflammation associated with large infiltration of cells and mild skin dryness; and (4) very severe inflammation associated with skin dryness and cartilage erosion.
Methylation analysis. The methylation status of the Foxp3 T reg cell-specific demethylation region (or CNS2) in splenic T reg cells of 25-d-old male mice was assessed by bisulfite sequence analysis, as described 54 . The T reg cell-specific demethylation region of converted DNA was amplified by methylation-specific primer sequences: Foxp3 CNS2 forward: 5′-TATTTTTTTGGGTTTTGGGATA TTA-3′; and Foxp3 CNS2 reverse: 5′-AACCAACCAACTTCCTACACTATCTAT-3′. The PCR product was subcloned and sequenced 54 . Blast analyses were done by comparing the resulting sequences with converted Foxp3 gene sequences.
